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Abstrat
It has been argued that the sum of usage probabilities for odons, belonging to quartets, that have as
third nuleotide C or A, is independent of the biologial speies for vertebrates. The omparison between
the theoretial orrelation matrix derived from these sum rules and the experimentally omputed matrix
for 26 speies shows a satisfatory agreement. The Shannon entropy, weakly depending on the biologial
speies, gives further support. Suppression of odons ontaining the dinuleotides CG or AU is put in
evidene.
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1 Introdution
The geneti information in DNA is stored in sequenes built up from four bases (nuleotides) C, T , G, A (in
mRNA, whih plays a key role in the onstrution of proteins, the base T is replaed by U). The proteins are
made up from 20 dierent amino-aids. The quantum of geneti information is onstituted by an ordered
triplet of nuleotides (odon). There are therefore 64 possible odons, whih enode 20 amino-aids, plus
the three signals of the termination of the biosynthesis proess. It follows that the geneti ode, i.e. the
orrespondene between odons and amino-aids, is degenerate, and almost all the amino-aids are enoded
by multiple odons (synonymous odons). Degeneray is mainly found in the third position of the odon. For
a long time it was aepted that: 1) there was no preferene for the use of any partiular odon, exept for
the enhanement due to the abundane of a partiular basis (nuleotide); 2) the odon usage frequeny was
strongly dependent on the onsidered biologial speies, and no regular pattern ould therefore be extrated.
The urrently available data show that some odons are used muh more frequently than others to
enode a partiular amino-aid. Let us, indeed, dene the usage probability for the odon XZN (X,Z,N ∈
{A,C,G,U}) in a quartet as
P (XZN) = lim
ntot→∞
nXZN
nXZ
(1)
where nXZN is the number of times the odon XZN has been used in the biosynthesis proess of the
orresponding amino-aid and nXZ is the total number of odons used to synthetize this amino-aid. It
follows that our analysis and preditions hold for biologial speies with suiently large statistis of odons.
The above denition holds also for the usage probability for doublets, in whih ase we have to onsider two
possibilities: N ≡ Y (= C,U) and N ≡ R(= G,A). Let us point out that we onsider a sextet as the sum
of a quartet and a doublet, and a triplet as the sum of a doublet and a singlet. Therefore, in the following,
we onsider eight quartets, orresponding to the ve quartets plus the quartet subparts of the three sextets
of the eukaryoti ode. In the following the probabilities for eah quartet or eah doublet are normalized
to 1. It is urrently believed that a non-uniform usage of synonymous odons is a widespread phenomenon
and it is experimentally observed that the pattern of odon usage varies between speies and even between
tissues within a speies; see refs. [1, 2℄, whih ontain a large number of referenes to the original works
on the subjet. The main reasons for the odon usage biases are believed to be: the mutational biases, the
translation eieny, the natural seletion and the abundane of spei antiodons in the tRNA. However,
the aim of this paper is not to ompare the dierent proposed explanations, but to put in evidene a general
pattern of the bias.
To our knowledge, systemati studies of odon usage for eukaryotes are rather fragmentary, while the ase
of bateriae has been widely studied. Most of the analyses of the odon usage frequenies have addressed an
analysis of the relative abundane of a speied odon in dierent genes of the same biologial speies or in
the omparison of the relative abundane in the same gene for dierent biologial speies. Little attention
has been paid to analyze the odon usage frequeny summed over the whole available sequenes to infer
global orrelations between dierent biologial speies. Indeed, in [3℄, analysing a large sample of speies, a
orrelation between the GC ontent and the odon usage has been pointed out and explained on the basis
of a mutational model at the nuleotide level. In [4℄, starting from the so-alled rystal basis model for the
geneti ode proposed a few years ago by the present authors in [5℄, it has been derived that the sum of
the odon usage probabilities for odons belonging to quartets, in the generalized meaning speied above,
with third nuleotide C and A (or G and U), should be a onstant (sum rule). In the present paper we
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pursue the analysis and the developments of these sum rules, in partiular investigating the onsequenes
on the orrelation matrix. With the twofold aim of foussing on the impliations of the sum rules and
of making the paper more easily legible to a wide range of readers, whih may be not aquainted with
the mathematial bakground of our model, no referene will be made either to the model itself or to the
mathematial reasoning that led to the derivation of the sum rules. The interested reader an nd details
in the quoted papers and referenes therein. We simply state the results, whih will be the input for the
further analysis presented below.
Sum rules: for the odons belonging to quartets and for biologial speies belonging to vertebrates,
P (XZC) + P (XZA) = Const. (XZ = NC,CU,GU,CG,GG) (2)
holds. Here Const. means a value, depending on XZ, but independent on the biologial speies. In [4℄ a
table with the values of these quantities an be found. From (2), one gets immediately
P (XZC) = ρ(XZC) + Hbs(XZC)
P (XZA) = ρ(XZA) − Hbs(XZC)
P (XZG) = ρ(XZG) + Hbs(XZG)
P (XZU) = ρ(XZU) − Hbs(XZG) , (3)
where ρ are funtions independent on the biologial speies while the funtions Hbs depend on the biologial
speies.
In [4℄ the r.h.s. of eq. (2) has been tted to the experimental data. Therefore it is natural to wonder
how the experimentally tted values depend on the data. In table 3 we have omputed, for two biologial
speies, namely Homo sapiens and Danio rerio, the probabilities for the odons in quartets with the last
nuleotide C or A and their sum, using dierent releases of available data from GenBank in the last four
years, in order to investigate the dependene on the statistis. One an remark that the experimentally
omputed probabilities hange, but that in about 80% of ases an inrease in P (XZA) orresponds to a
derease in P (XZC) and vie versa. This property is an indiation of the existene of an antiorrelation
between P (XZC) and P (XZA). An analogous analysis for other biologial speies belonging to the sample
listed in table 1 shows the same behaviour. Let us remark that from this kind of analysis, one expets that
for statistis of odons lower than roughly 100 000, the statistial utuations beome non-negligible.
2 Correlation matrix
Let us introdue now the orrelation matrix Γ between two disrete random variables X and Y . For a sample
of size n, it is dened by
Γ(X,Y ) =
1
σX σY
n∑
k=1
1
n
(
Xk − 〈X〉
)(
Yk − 〈Y 〉
)
(4)
where σX is the standard deviation
σX =
√√√√ 1
n(n− 1)
(
n
n∑
k=1
X2k −
( n∑
k=1
Xk
)
2
)
(5)
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and 〈X〉 is the mean value
〈X〉 =
1
n
n∑
k=1
Xk . (6)
In our ontext, Xk (resp. Yk) are the usage probability funtions P (XZN) (resp. P (X
′Z ′N ′)) for the k-th
biologial speies for the same or dierent amino-aids. The sample we onsider is given in table 1.
We an then onstrut a 32 × 32 orrelation matrix Γ whose entries are the orrelation oeients
Γ(P (XZN), P (X ′Z ′N ′)), where XZ,X ′Z ′ = CC,UC,GC,AC,CU,GU,CG,GG. From the expressions
of the probabilities (1) and the sum rules (2) we derive for the same amino-aid the following symmetri
submatrix:
P (XZU) P (XZC) P (XZA) P (XZG)
P (XZU) 1 −x x −1
P (XZC) −x 1 −1 x
P (XZA) x −1 1 −x
P (XZG) −1 x −x 1
where x is a theoretially undetermined quantity to be tted experimentally for any amino-aid. This kind of
pattern an be easily ompared with the experimental data for vertebrates (see the list of biologial speies
and the orresponding number of odons used) from GenBank (release 131.0 of August 2002). One gets for
the eight quartets
ΓUC ΓUA ΓUG ΓCA ΓCG ΓAG
Pro −0.75 0.71 −0.68 −0.88 0.22 −0.53
Thr −0.89 0.88 −0.62 −0.89 0.27 −0.62
Ala −0.86 0.70 −0.46 −0.80 0.17 −0.61
Ser −0.75 0.44 −0.67 −0.84 0.30 −0.40
Val −0.55 0.51 −0.89 −0.67 0.32 −0.66
Leu −0.83 0.43 −0.82 −0.47 0.57 −0.78
Arg −0.36 0.34 −0.92 −0.88 0.03 −0.16
Gly −0.78 0.78 −0.91 −0.92 0.63 −0.80
where ΓNN ′ denotes for short Γ(P (XZN), P (XZN
′)), for some amino-aid related to a quartet of odons
XZN .
From the above table, we remark that the values of some antidiagonal elements ΓNN ′ are very lose to
the theoretial values −1, namely ΓUG and ΓCA for Arg and Gly, ΓCA for Pro, Thr, Ala, Ser and ΓUG for
Val and Leu
1
. We also note that the entries ΓUN for all eight amino-aids are in good agreement with the
theoretial values, while the entries ΓCG, ΓAG show a large numerial disrepany. These fats mean that
the small violations of the sum rules are averaged, in the sum dening the orrelation oeients, almost to
zero for ΓUN , but not for the other ones, as an be inferred from the analysis of the values of the probabilities
P (XZN) given in tables 4 to 7. It is evident that the degree of orrelation is not the same for the eight
amino-aids, Thr and Leu being the most orrelated ones, and Arg the least one.
It may be useful to ompute the average value over the eight amino-aids of the entries of the orrelation
matrix
〈ΓCA〉 = −0.79 , 〈ΓCG〉 = 0.32 , 〈ΓCU 〉 = −0.72 ,
〈ΓGU 〉 = −0.75 , 〈ΓAU 〉 = 0.60 , 〈ΓAG〉 = −0.57 . (7)
1
In the rystal basis model [5℄, the mathematial assignment of the odons enoding for the eight quartets exhibit the same
pattern of grouping of odons.
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We see that the average values dier within 20% from the expeted ones, exept for ΓCG, whih is almost
half of the expeted value. We shall omment later on this point.
For dierent amino-aids we derive from (3) that for the eight amino-aids related to quartets, the
theoretial orrelation pattern, for the dierent probabilities take the following form
P (XZU) P (XZC) P (XZA) P (XZG)
P (X ′Z ′U) y −z z −y
P (X ′Z ′C) −t x −x t
P (X ′Z ′A) t −x x −t
P (X ′Z ′G) −y z −z y
This kind of pattern an also be easily ompared with the experimental data. One obtains, for example, for
the orrelations between the probabilities of odon usage of Valine and Threonine:
P (GUU) P (GUC) P (GUA) P (GUG)
P (ACU) 0.76 −0.64 0.75 −0.76
P (ACC) −0.83 0.64 −0.72 0.81
P (ACA) 0.72 −0.80 0.83 −0.67
P (ACG) −0.23 0.57 −0.57 0.22
for Glyine and Alanine:
P (GGU) P (GGC) P (GGA) P (GGG)
P (GCU) 0.83 −0.80 0.71 −0.67
P (GCC) −0.65 0.86 −0.80 0.54
P (GCA) 0.56 −0.79 0.69 −0.40
P (GCG) −0.48 0.35 −0.22 0.31
We an extend the orrelation matrix by taking into aount the orrelations between quartets and
doublets, getting a 58×58 matrix. We obtain, for the orrelation entries between quartets and doublets:
P (XZU) P (XZC) P (XZA) P (XZG)
P (X ′Z ′U) x −y y −x
P (X ′Z ′C) −x y −y x
P (X ′Z ′A) z −t t −z
P (X ′Z ′G) −z t −t z
Note that the struture of the doublets implies that the seond and fourth lines are diret onsequenes of
the rst and third lines, respetively. As an example, we obtain, for the orrelations between Pro versus Asp
and Glu:
P (CCU) P (CCC) P (CCA) P (CCG)
P (GAU) 0.68 −0.76 0.88 −0.55
P (GAA) 0.54 −0.58 0.75 −0.54
Also in this ase, the largest disrepany appears in the matrix entry ΓCG.
An analysis of the above tables shows that there are numerial violations with respet to the theoretial
orrelation matrix, but that the signs, with few exeptions orresponding to values lose to zero, are preserved.
Let us remark that for eah pair of quartets (or quartet and doublet), provided that the odons are put in
the order U,C,A,G and assuming that the number x, y, z, t are all of the same sign, one obtains a orrelation
matrix whose entries show alternating signs along eah row and eah olumn. An inspetion of the orrelation
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matrix shows that the 406 independent parameters that appear in our model are all positive. This intriguing
property, whih is likely to reet some dynamial behaviour, requires further analysis in order to be well
understood and also to evaluate to what extent it depends on the hoie of the sample. A omparison with
the experimentally omputed 58×58 orrelation matrix shows that this property is veried with a very good
approximation. Indeed it is violated only for a few per ent of the entries: in these ases the orrelation
oeients with wrong sign are very small, i.e. they onern poorly orrelated odon usage probabilities,
whih are expeted to be muh more sensitive to utuations.
3 Shannon entropy
The order of magnitude of the biologial speies independent term ρ(XZN) in (3) is around the mean
value denoted 〈PN 〉 in tables 4 to 7, and the biologial speies dependent term in (3) is around σ(PN )
(N = C,A,U,G). Note that the ratio σ(PN )/〈PN 〉 is around 10% in eah ase. A rough analysis of the
distribution of the probabilities PN seems to indiate a standard distribution, although the small size of the
sample does not allow us to draw a reliable onlusion.
In order to hek the eetiveness of the sum rules in the light of the above estimations, we ompute the
Shannon entropy related to the eight amino-aids, all onsidered as enoded by quartets:
SXZ = −
∑
N=C,A,U,G
P (XZN) ln2 P (XZN) (8)
where P (XZN) is given by eq. (3). Sine HbsN/ρN ≪ 1, we an approximate ln(1 ± HbsN/ρN ) by
±HbsN/ρN −
1
2
H2bsN/ρ
2
N . So we get for the Shannon entropy for a given amino-aid related to a dinu-
leotide XZ:
SXZ ≃ −
∑
N=C,A,U,G
ρN ln2 ρN −HbsC ln2
ρC
ρA
−HbsG ln2
ρG
ρU
−
1
2 ln 2
H2bsC
(
1
ρC
+
1
ρA
)
−
1
2 ln 2
H2bsG
(
1
ρG
+
1
ρU
)
, (9)
where for simpliity ρN , HbsN and PN stand for ρ(XZN), Hbs(XZN) and P (XZN) respetively, the
dinuleotide XZ being xed. In this equation, the rst sum orresponds to the biologial speies independent
part of the Shannon entropy, while the seond and third terms are the rst- and seond-order biologial speies
dependent orretions. From the above formula, we expet the entropy to be independent of the biologial
speies within a few per ent. We report in table 9 the Shannon entropy for the eight amino-aids related
to quartets for the sample of biologial speies of table 1. The standard deviation is in this ase redued
with respet to the standard deviations of the probability distributions P (XZN), see tables 4 to 7, as an
be easily heked quantitatively from the last terms of (9). Let us remark that there is no lear dependene
of the Shannon entropies SXZ on the total exoni GC ontent of the biologial speies.
Now we an ompute the ontribution of eah quartet to the Shannon entropy of the total exoni region,
dened as:
Stot = −
∑
i
pi ln2 pi , (10)
where the sum runs over all the oding odons and pi is the usage probability of the odon i, i.e.
pi =
ni
Ntot
(11)
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where ni is the number of times the odons i has been used and Ntot is the total number of oding odons.
The ontribution to the Shannon entropy (10) of the amino-aid enoded by the odons XZN (N =
C,A,U,G) is
SXZtot = −
∑
N=C,A,U,G
pN ln2 pN . (12)
As pN = P (XZN)
nXZ
Ntot
, we get
SXZtot = −PXZ ln2 PXZ + PXZ SXZ , (13)
where PXZ is the probability of the amino-aid enoded by XZN , i.e. PXZ =
nXZ
Ntot
, and SXZ is given by
eq. (8).
Therefore, from the remarked biologial speies independene of SXZ , we derive that the ontribution of
an amino-aid (enoded by a quartet) to the total Shannon entropy depends only on its frequeny. This is
a non trivial result. Indeed, the probability of an amino-aid depends of ourse on the probabilities of the
enoding odons, but a priori one might obtain the same amino-aid probability with dierent distributions
of the enoding odons, therefore with dierent ontributions to the total Shannon entropy. On the ontrary,
eq. (13) tells us that the ontribution to the entropy is, within a few per ent, equal for all vertebrates for a
xed frequeny of the amino-aid.
4 Conlusion
The above analysis provides a strong support of the validity for the sum rules equation (2). The emerging
pattern, for vertebrates, is the existene of a speies independent odon usage bias. From tables 4 to 7, it
is lear that the third nuleotides in the quartets are in dereasing usage order: C > U > A > G for Pro,
Ala and Ser, C > U > G > A for Thr, G > C > U > A for Val and Leu, C & G > A & U for Arg and
C > A > G > U for Gly. Some biologial speies show dierent patterns (e.g. Danio rerio and Maaa
fasiularis). The deviations from the values given by the sum rules are utuations that shift the numerial
values of the orrelation matrix entries from the expeted ones, but are not strong enough to hange the sign.
The existene of sum rules indiates orrelations in the whole set of the oding sequenes of DNA, while
in the literature it is stated that orrelations essentially appear in the non-oding part of DNA. It should
be quoted that Zeeberg [7℄, from an analysis of over 7000 genes for Homo sapiens, has derived parameters
for linear regression for odon nuleotide omposition versus the per ent of GC ontent in genomi regions.
From his analysis, one expets a orrelation of the same order for odons having C or U , and C or A in third
position. Our result shows a stronger orrelation in the latter ase.
As noted above, the values of the entry ΓCG are smaller than those expeted. This feature may be due to
the known suppression of the odons ontaining a dinuleotide CG, see ref. [2℄, and for a thermodynamial
explanation of this phenomenon, see ref. [6℄. Note that this suppression an be inferred by looking at the
rst four olumns of table 7. An inspetion of the olumns 5 and 6 of table 5 shows that there is also a
suppression in the usage of odons ontaining the dinuleotide UA. It is worthwhile to further investigate
this suppression in the other odons. Indeed an analysis of the odon usage probabilities of the odons AUA
enoding for Ile and UUA enoding for Leu onrms this suppression. It is also interesting to observe that
the odons UAR, being nonsense odons, are rarely used.
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We have also remarked that the Shannon entropies related to the eight amino-aids, enoded by quartets
in the present sheme, are biologial speies independent within a few per ent. Moreover, the ontribution
of these amino-aids to the total Shannon entropy (10) depends only on their frequenies.
It would be interesting to extend this type of analysis to a suitably hosen sample of plants or of inver-
tebrates, while bateriae seem to behave in a peuliar dierent way.
Aknowledgements: A.S. is indebted to the Université de Savoie for nanial support and LAPTH for
its kind hospitality.
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Table 1: Data for the biologial speies (release 131.0 of GenBank)
Speies # of seqs. # of odons exoni GC ontent
1 Homo sapiens 55194 24298072 52.45
2 Mus musulus 25249 11455875 52.38
3 Rattus norvegius 7260 3637311 52.75
4 Xenopus laevis 3057 1402544 47.25
5 Gallus gallus 2352 1152438 52.05
6 Danio rerio 2535 1124891 50.91
7 Bos taurus 2012 884632 52.39
8 Sus srofa 1256 503449 53.44
9 Maaa fasiularis 1547 466424 49.60
10 Orytolagus uniulus 914 462701 54.40
11 Canis familiaris 576 270095 52.19
12 Takifugu rubripes 373 212447 54.24
13 Onorhynhus mykiss 454 163360 53.53
14 Cavia porellus 360 144107 51.73
15 Ovis aries 444 143625 53.46
16 Oryzias latipes 265 119801 51.59
17 Crietulus griseus 247 119508 51.37
18 Rattus sp. 277 113465 52.50
19 Maaa mulatta 364 109818 51.43
20 Mesorietus auratus 246 108131 52.41
21 Pan troglodytes 325 104247 57.49
22 Cyprinus arpio 250 103536 49.60
23 Mus sp. 236 92973 52.87
24 Felis atus 222 81469 52.15
25 Equus aballus 221 77391 52.97
26 Rattus rattus 179 71784 53.11
Table 2: Number of odons for Homo sapiens, Danio rerio and Maaa fasiularis in dierent releases from
GenBank used to ompute probabilities reported in table 3.
Homo sapiens 1 6 130 940 2 8 707 603 3 11 310 862
Homo sapiens 4 19 894 411 5 24 298 072
Danio rerio 1 99 766 2 213 258 3 312 789
Danio rerio 4 696 043 5 1 124 891
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Table 3: Probabilities for P (XZC), P (XZA) and P (XZC) + P (XZA) orresponding to the eight amino-
aids related to quartets, for Homo sapiens, Danio rerio and Maaa fasiularis, omputed using data from
dierent releases from 1998 to 2002, orresponding to a total number of odons reported in table 2.
Homo sapiens
release PC(P ) PC(T ) PC(A) PC(S) PC(V ) PC(L) PC(R) PC(G)
1 0.3336 0.3785 0.4109 0.3743 0.2462 0.2497 0.3332 0.3480
2 0.3318 0.3699 0.4072 0.3671 0.2400 0.2462 0.3287 0.3453
3 0.3284 0.3640 0.4040 0.3618 0.2387 0.2450 0.3243 0.3430
4 0.3280 0.3620 0.4037 0.3612 0.2380 0.2446 0.3228 0.3435
5 0.3300 0.3619 0.4026 0.3609 0.2386 0.2461 0.3221 0.3415
release PA(P ) PA(T ) PA(A) PA(S) PA(V ) PA(L) PA(R) PA(G)
1 0.2705 0.2691 0.2189 0.2334 0.1063 0.0835 0.1811 0.2454
2 0.2705 0.2737 0.2215 0.2369 0.1107 0.0863 0.1850 0.2453
3 0.2734 0.2778 0.2251 0.2417 0.1133 0.0878 0.1883 0.2478
4 0.2737 0.2788 0.2256 0.2427 0.1138 0.0875 0.1875 0.2461
5 0.2734 0.2817 0.2280 0.2462 0.1175 0.0970 0.1895 0.2479
release PC+A(P ) PC+A(T ) PC+A(A) PC+A(S) PC+A(V ) PC+A(L) PC+A(R) PC+A(G)
1 0.6041 0.6476 0.6298 0.6077 0.3525 0.3332 0.5143 0.5934
2 0.6023 0.6436 0.6287 0.6040 0.3507 0.3325 0.5137 0.5906
3 0.6018 0.6418 0.6291 0.6035 0.3520 0.3328 0.5126 0.5908
4 0.6016 0.6408 0.6293 0.6039 0.3518 0.3321 0.5103 0.5896
5 0.6034 0.6436 0.6306 0.6071 0.3561 0.3431 0.5116 0.5894
Danio rerio
release PC(P ) PC(T ) PC(A) PC(S) PC(V ) PC(L) PC(R) PC(G)
1 0.2717 0.3445 0.3202 0.3329 0.2457 0.2420 0.3432 0.3010
2 0.2708 0.3392 0.3244 0.3407 0.2495 0.2510 0.3407 0.3056
3 0.2641 0.3344 0.3208 0.3331 0.2468 0.2434 0.3379 0.2981
4 0.2601 0.3212 0.3168 0.3198 0.2387 0.2406 0.3326 0.2872
5 0.2542 0.3117 0.3113 0.3133 0.2376 0.2373 0.3271 0.2845
release PA(P ) PA(T ) PA(A) PA(S) PA(V ) PA(L) PA(R) PA(G)
1 0.2666 0.2629 0.2347 0.2383 0.1010 0.0891 0.2142 0.3239
2 0.2629 0.2696 0.2327 0.2363 0.0990 0.0878 0.2140 0.3219
3 0.2718 0.2738 0.2373 0.2379 0.0998 0.0833 0.2141 0.3285
4 0.2749 0.2854 0.2417 0.2437 0.1049 0.0836 0.2195 0.3379
5 0.2816 0.2942 0.2461 0.2477 0.1035 0.0832 0.2252 0.3413
release PC+A(P ) PC+A(T ) PC+A(A) PC+A(S) PC+A(V ) PC+A(L) PC+A(R) PC+A(G)
1 0.5383 0.6075 0.5548 0.5712 0.3466 0.3311 0.5574 0.6249
2 0.5337 0.6088 0.5571 0.5770 0.3485 0.3388 0.5547 0.6275
3 0.5359 0.6081 0.5582 0.5709 0.3466 0.3267 0.5520 0.6266
4 0.5350 0.6066 0.5584 0.5634 0.3436 0.3242 0.5522 0.6250
5 0.5358 0.6059 0.5575 0.5610 0.3410 0.3205 0.5523 0.6257
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Table 4: Probabilities P (XZC) for the eight amino-aids related to quartets (release 131.0 of GenBank
database). First olumn refers to the biologial speies of table 1.
PC(P ) PC(T ) PC(A) PC(S) PC(V ) PC(L) PC(R) PC(G)
1 0.330 0.362 0.403 0.361 0.239 0.246 0.322 0.342
2 0.306 0.354 0.383 0.363 0.250 0.248 0.306 0.334
3 0.319 0.372 0.401 0.380 0.261 0.255 0.313 0.340
4 0.235 0.273 0.278 0.301 0.199 0.197 0.262 0.236
5 0.331 0.333 0.347 0.359 0.231 0.234 0.364 0.321
6 0.254 0.312 0.311 0.313 0.238 0.237 0.327 0.284
7 0.350 0.383 0.427 0.377 0.257 0.255 0.329 0.349
8 0.356 0.414 0.448 0.419 0.266 0.255 0.354 0.366
9 0.292 0.315 0.363 0.328 0.229 0.242 0.289 0.300
10 0.385 0.416 0.474 0.447 0.277 0.269 0.393 0.392
11 0.350 0.379 0.424 0.376 0.264 0.259 0.341 0.334
12 0.339 0.401 0.409 0.418 0.305 0.266 0.363 0.332
13 0.384 0.430 0.416 0.404 0.283 0.251 0.381 0.298
14 0.335 0.380 0.413 0.392 0.245 0.251 0.364 0.345
15 0.369 0.431 0.452 0.401 0.266 0.277 0.371 0.361
16 0.293 0.372 0.351 0.372 0.269 0.234 0.367 0.300
17 0.320 0.379 0.377 0.361 0.243 0.235 0.296 0.342
18 0.316 0.382 0.401 0.373 0.274 0.256 0.309 0.344
19 0.318 0.384 0.403 0.389 0.262 0.268 0.334 0.310
20 0.332 0.378 0.404 0.376 0.257 0.237 0.308 0.323
21 0.415 0.496 0.388 0.419 0.242 0.273 0.418 0.367
22 0.259 0.312 0.315 0.309 0.247 0.233 0.298 0.273
23 0.296 0.358 0.395 0.366 0.244 0.253 0.319 0.350
24 0.371 0.404 0.436 0.403 0.276 0.258 0.330 0.351
25 0.349 0.423 0.443 0.412 0.281 0.261 0.363 0.369
26 0.325 0.400 0.409 0.406 0.272 0.259 0.338 0.355
〈PC〉 0.328 0.379 0.395 0.378 0.257 0.250 0.337 0.331
σ(PC) 0.041 0.046 0.046 0.036 0.021 0.017 0.036 0.034
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Table 5: Probabilities P (XZA) for the eight amino-aids related to quartets (release 131.0 of GenBank
database). First olumn refers to the biologial speies of table 1.
PA(P ) PA(T ) PA(A) PA(S) PA(V ) PA(L) PA(R) PA(G)
1 0.273 0.282 0.228 0.246 0.117 0.097 0.189 0.248
2 0.284 0.291 0.229 0.232 0.116 0.098 0.213 0.256
3 0.275 0.278 0.221 0.225 0.110 0.092 0.205 0.251
4 0.361 0.346 0.317 0.257 0.174 0.134 0.241 0.345
5 0.269 0.289 0.248 0.237 0.119 0.084 0.163 0.262
6 0.282 0.294 0.246 0.248 0.103 0.083 0.225 0.341
7 0.261 0.273 0.209 0.237 0.111 0.111 0.198 0.250
8 0.264 0.257 0.198 0.230 0.108 0.131 0.188 0.250
9 0.307 0.315 0.261 0.271 0.141 0.107 0.206 0.281
10 0.224 0.224 0.180 0.182 0.078 0.060 0.155 0.224
11 0.256 0.265 0.203 0.224 0.115 0.091 0.183 0.256
12 0.239 0.211 0.180 0.180 0.073 0.059 0.183 0.268
13 0.230 0.250 0.199 0.196 0.102 0.098 0.148 0.277
14 0.279 0.286 0.221 0.233 0.105 0.087 0.178 0.254
15 0.241 0.233 0.184 0.206 0.089 0.083 0.179 0.248
16 0.262 0.262 0.224 0.230 0.079 0.077 0.178 0.324
17 0.283 0.282 0.234 0.222 0.121 0.097 0.211 0.247
18 0.268 0.273 0.216 0.219 0.103 0.087 0.208 0.251
19 0.289 0.271 0.217 0.231 0.087 0.077 0.167 0.284
20 0.288 0.285 0.221 0.226 0.106 0.084 0.205 0.254
21 0.204 0.216 0.160 0.179 0.060 0.086 0.157 0.217
22 0.309 0.297 0.236 0.270 0.097 0.096 0.221 0.337
23 0.284 0.277 0.216 0.215 0.114 0.095 0.208 0.246
24 0.242 0.241 0.199 0.214 0.109 0.110 0.198 0.255
25 0.239 0.238 0.189 0.223 0.102 0.098 0.178 0.241
26 0.262 0.246 0.194 0.188 0.096 0.086 0.205 0.238
〈PA〉 0.268 0.268 0.217 0.224 0.105 0.093 0.192 0.266
σ(PA) 0.031 0.031 0.031 0.025 0.022 0.017 0.023 0.034
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Table 6: Probabilities P (XZU) for the eight amino-aids related to quartets (release 131.0 of GenBank
database). First olumn refers to the biologial speies of table 1.
PU (P ) PU (T ) PU (A) PU (S) PU (V ) PU (L) PU (R) PU (G)
1 0.283 0.242 0.263 0.302 0.179 0.162 0.140 0.163
2 0.304 0.247 0.291 0.318 0.168 0.160 0.149 0.175
3 0.295 0.233 0.280 0.303 0.156 0.149 0.152 0.169
4 0.320 0.300 0.333 0.367 0.269 0.253 0.259 0.215
5 0.257 0.234 0.281 0.289 0.196 0.155 0.167 0.168
6 0.300 0.251 0.308 0.321 0.214 0.170 0.221 0.217
7 0.266 0.215 0.256 0.291 0.164 0.144 0.137 0.160
8 0.244 0.197 0.240 0.255 0.139 0.121 0.119 0.139
9 0.303 0.273 0.288 0.326 0.209 0.199 0.167 0.177
10 0.238 0.193 0.220 0.245 0.138 0.118 0.113 0.132
11 0.280 0.231 0.260 0.307 0.157 0.150 0.127 0.179
12 0.241 0.193 0.259 0.253 0.168 0.114 0.186 0.186
13 0.282 0.220 0.291 0.320 0.161 0.116 0.267 0.220
14 0.277 0.223 0.267 0.285 0.169 0.142 0.135 0.178
15 0.263 0.214 0.246 0.289 0.146 0.132 0.151 0.158
16 0.294 0.230 0.303 0.310 0.243 0.164 0.196 0.197
17 0.318 0.256 0.322 0.344 0.173 0.169 0.172 0.202
18 0.302 0.227 0.282 0.313 0.154 0.143 0.156 0.166
19 0.281 0.238 0.273 0.306 0.173 0.162 0.167 0.162
20 0.292 0.237 0.282 0.308 0.156 0.154 0.170 0.177
21 0.218 0.166 0.257 0.321 0.116 0.105 0.105 0.109
22 0.305 0.281 0.344 0.334 0.226 0.171 0.286 0.252
23 0.296 0.251 0.272 0.311 0.154 0.150 0.151 0.169
24 0.265 0.212 0.243 0.285 0.149 0.133 0.127 0.150
25 0.305 0.220 0.255 0.276 0.147 0.126 0.163 0.168
26 0.302 0.237 0.297 0.317 0.155 0.140 0.169 0.180
〈PU 〉 0.282 0.232 0.277 0.304 0.172 0.150 0.167 0.176
σ(PU ) 0.026 0.029 0.029 0.028 0.035 0.030 0.046 0.030
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Table 7: Probabilities P (XZG) for the eight amino-aids related to quartets (release 131.0 of GenBank
database). First olumn refers to the biologial speies of table 1.
PG(P ) PG(T ) PG(A) PG(S) PG(V ) PG(L) PG(R) PG(G)
1 0.114 0.114 0.106 0.091 0.465 0.495 0.349 0.248
2 0.105 0.108 0.097 0.087 0.466 0.494 0.331 0.235
3 0.111 0.117 0.099 0.092 0.473 0.504 0.331 0.240
4 0.084 0.081 0.072 0.075 0.358 0.416 0.238 0.204
5 0.143 0.144 0.124 0.115 0.455 0.527 0.306 0.249
6 0.164 0.143 0.134 0.118 0.445 0.509 0.226 0.157
7 0.124 0.129 0.108 0.095 0.468 0.491 0.336 0.241
8 0.136 0.131 0.114 0.096 0.487 0.494 0.340 0.245
9 0.099 0.097 0.089 0.075 0.420 0.452 0.338 0.243
10 0.154 0.168 0.125 0.126 0.507 0.553 0.339 0.252
11 0.113 0.125 0.114 0.093 0.464 0.500 0.350 0.231
12 0.182 0.195 0.152 0.150 0.454 0.561 0.268 0.214
13 0.104 0.100 0.093 0.080 0.455 0.536 0.204 0.204
14 0.109 0.112 0.099 0.090 0.481 0.520 0.323 0.223
15 0.127 0.123 0.118 0.103 0.499 0.508 0.299 0.233
16 0.151 0.136 0.122 0.088 0.409 0.525 0.259 0.179
17 0.079 0.083 0.067 0.073 0.463 0.499 0.320 0.209
18 0.115 0.118 0.101 0.095 0.469 0.514 0.327 0.240
19 0.112 0.108 0.107 0.073 0.478 0.492 0.331 0.244
20 0.088 0.099 0.093 0.090 0.481 0.525 0.317 0.246
21 0.163 0.122 0.194 0.081 0.582 0.535 0.320 0.307
22 0.127 0.111 0.106 0.087 0.431 0.500 0.195 0.138
23 0.124 0.114 0.117 0.108 0.487 0.502 0.323 0.235
24 0.122 0.143 0.122 0.099 0.466 0.499 0.346 0.244
25 0.108 0.119 0.114 0.089 0.470 0.516 0.296 0.222
26 0.111 0.117 0.100 0.089 0.476 0.515 0.289 0.227
〈PG〉 0.122 0.121 0.111 0.095 0.466 0.507 0.304 0.227
σ(PG) 0.025 0.024 0.025 0.017 0.038 0.029 0.045 0.033
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Table 8: Probabilities P (XZC) + P (XZA) for the eight amino-aids related to quartets (release 131.0 of
GenBank database). First olumn refers to the biologial speies of table 1.
PC+A(P ) PC+A(T ) PC+A(A) PC+A(S) PC+A(V ) PC+A(L) PC+A(R) PC+A(G)
1 0.603 0.644 0.631 0.607 0.356 0.343 0.512 0.589
2 0.591 0.645 0.612 0.595 0.366 0.345 0.519 0.590
3 0.593 0.650 0.621 0.605 0.371 0.347 0.518 0.591
4 0.596 0.619 0.595 0.559 0.373 0.331 0.503 0.582
5 0.600 0.622 0.595 0.596 0.350 0.318 0.527 0.583
6 0.536 0.606 0.557 0.561 0.341 0.321 0.552 0.626
7 0.610 0.656 0.636 0.614 0.368 0.365 0.527 0.599
8 0.620 0.671 0.646 0.649 0.374 0.386 0.541 0.615
9 0.599 0.630 0.623 0.600 0.370 0.349 0.496 0.581
10 0.608 0.640 0.654 0.629 0.355 0.329 0.548 0.616
11 0.607 0.644 0.627 0.600 0.379 0.350 0.523 0.590
12 0.577 0.613 0.589 0.598 0.378 0.325 0.546 0.600
13 0.614 0.680 0.616 0.600 0.385 0.348 0.529 0.575
14 0.614 0.666 0.633 0.625 0.350 0.338 0.542 0.599
15 0.610 0.663 0.636 0.607 0.355 0.360 0.550 0.609
16 0.555 0.634 0.575 0.601 0.348 0.311 0.545 0.623
17 0.603 0.661 0.611 0.583 0.364 0.331 0.507 0.588
18 0.584 0.655 0.618 0.592 0.377 0.343 0.517 0.594
19 0.607 0.654 0.620 0.621 0.349 0.345 0.501 0.594
20 0.619 0.663 0.625 0.602 0.363 0.321 0.513 0.577
21 0.619 0.712 0.548 0.598 0.302 0.359 0.575 0.584
22 0.568 0.609 0.550 0.579 0.344 0.329 0.519 0.609
23 0.581 0.635 0.611 0.581 0.358 0.348 0.526 0.596
24 0.614 0.645 0.635 0.617 0.385 0.368 0.527 0.606
25 0.588 0.661 0.631 0.635 0.382 0.359 0.541 0.610
26 0.587 0.646 0.603 0.594 0.368 0.345 0.542 0.593
〈PC+A〉 0.596 0.647 0.611 0.602 0.362 0.343 0.529 0.597
σ(PC+A) 0.021 0.023 0.028 0.021 0.018 0.017 0.019 0.014
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Table 9: Shannon entropy for the eight amino-aids related to quartets (release 131.0 of GenBank database).
First olumn refers to the biologial speies of table 1.
S(P ) S(T ) S(A) S(S) S(V ) S(L) S(R) S(G)
Pro Thr Ala Ser Val Leu Arg Gly
1 1.911 1.898 1.865 1.865 1.815 1.751 1.908 1.953
2 1.903 1.893 1.862 1.852 1.806 1.752 1.936 1.963
3 1.910 1.896 1.854 1.853 1.785 1.726 1.933 1.957
4 1.847 1.857 1.841 1.835 1.943 1.879 1.999 1.966
5 1.943 1.939 1.916 1.900 1.831 1.694 1.911 1.964
6 1.966 1.945 1.934 1.913 1.827 1.721 1.978 1.943
7 1.917 1.900 1.846 1.864 1.796 1.760 1.912 1.948
8 1.926 1.877 1.832 1.841 1.757 1.758 1.878 1.924
9 1.893 1.887 1.864 1.845 1.884 1.821 1.947 1.973
10 1.922 1.900 1.812 1.840 1.691 1.590 1.830 1.900
11 1.903 1.902 1.853 1.856 1.801 1.730 1.885 1.964
12 1.964 1.920 1.892 1.883 1.747 1.575 1.939 1.965
13 1.873 1.837 1.827 1.807 1.792 1.671 1.915 1.983
14 1.904 1.883 1.848 1.847 1.779 1.697 1.891 1.958
15 1.911 1.860 1.828 1.854 1.723 1.693 1.908 1.940
16 1.956 1.916 1.906 1.852 1.823 1.691 1.940 1.954
17 1.856 1.846 1.809 1.819 1.816 1.751 1.957 1.966
18 1.914 1.891 1.855 1.858 1.777 1.705 1.940 1.954
19 1.912 1.880 1.864 1.817 1.761 1.723 1.919 1.962
20 1.873 1.870 1.844 1.852 1.774 1.696 1.952 1.969
21 1.900 1.780 1.916 1.790 1.553 1.641 1.813 1.880
22 1.929 1.910 1.889 1.868 1.833 1.750 1.978 1.936
23 1.928 1.901 1.880 1.878 1.775 1.733 1.935 1.953
24 1.903 1.899 1.852 1.850 1.784 1.743 1.897 1.940
25 1.892 1.864 1.833 1.833 1.769 1.702 1.921 1.940
26 1.908 1.881 1.838 1.817 1.762 1.699 1.948 1.954
〈S〉 1.910 1.886 1.860 1.850 1.785 1.717 1.922 1.950
σ(S) 0.029 0.033 0.032 0.027 0.068 0.061 0.041 0.022
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